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We investigate baryogenesis via leptogenesis and generation of neutrino masses and 
mixings through the Type I plus Type III seesaw plus an one-loop mechanism in 
the context of Renormalizable Adjoint SU (5) theory. One light neutrino remains 
massless, because the contributions from three heavy Majorana fermions po, 
and ps to the neutrino mass matrix are not linearly independent. However none 
of these heavy fermions is decoupled from the generation of neutrino masses. This 
opens a new range in parameter space for successful leptogenesis, in particular, 
allows for inverted hierarchy of the neutrino masses. 

1. Introduction 

The observable baryon asymmetry of the Universe (BAU) and the nonzero neutrino 
masses [Ij provide strong evidences of physics beyond the Standard Model (SM). The 
possibility of unification of the gauge interactions is one of the most intriguing guiding 
principles for building theories beyond the SM, in this case called the grand unified 
theories (GUT). Interestingly, one of the most economical realistic GUTs may explain 
both BAU and neutrino masses. 

It is well known that SU (5) is the minimal group that can provide for grand unification. 
The first and simplest GUT, proposed in |2], is based on this group. Its scalar sector 
contains only two representations of and 24j:/, while each generation of matter fields 
is embedded in two representations of 5 and 10. The SU{5) symmetry is broken down 
to the SM one by the vacuum expectation value (VEV) of the scalar singlet in 24h, and 
the SM Higgs belongs to 5h- In spite of its elegance, this model is ruled out since it can 
not: 

• Unify the measured SM gauge couplings; 
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• Explain nonzero neutrino masses; 

• Unify the SM Yukawa couplings of charged leptons and down quarks at high scale 
in the renormalizable level; 

• Explain present experimental lower bound on the proton lifetime of order 10^^ years. 

The first two of these problems were solved by adding a new fermionic 24 representa- 
tion [3]- However a whole set of high dimensional operators was needed to address the 
third problem. The renormalizable generalization of the model of |3] with the minimal 
number of scalar fields contains only one new scalar 45 h representation |1] , so that the 
electroweak symmetry is broken by both {5h) and (45^) VEVs, providing for realistic 
Yukawas. Ultimately, this nonsupersymmetric Renormalizable Adjoint SU (5) theory 
contains scalars in 5h, '^^h and 45^^, and matter in 5^, 10^ (a = 1,2,3) and 24. (See 
Appendix [A| for the details.) 

It is well known |1] that the neutrino masses may be generated through Type I [5] 
and Type III [6] seesaw mechanisms in the Renormalizable Adjoint SU (5) model. In 
addition, the BAU may be explained by generating the lepton asymmetry in the 
out-of-equilibrium decays of fermion triplets responsible for the Type III seesaw, and 
converting it to a baryon asymmetry by sphaleron transitions [H] in the usual baryoge- 
nesis [5] via leptogenesis (LG) scenario (TU]. In this paper we investigate a new range 
of the parameters where neutrino masses get a sizable contribution from the one-loop 
coloured seesaw besides the tree level type I and III seesaw mechanisms. However, since 
the loop term is proportional to a linear combination of type I and HI seesaw Yukawas, 
the lightest neutrino still remains massless. With the new contribution to neutrino mass, 
the allowed range in the parameter space for successful LG is enlarged. 

One of the interesting results of this model of the neutrino masses and LG in the 
framework of Adjoint SU{5) theory is the upper bound on the proton lifetime of order 
]^q35 yga,rs |TT1 [13], which can be tested in future. We remark that there is a parameter 
range in Adjoint SU{5), which is hard to test at the proton decay experiments [14J. 
However within this range the observable neutrino masses and BAU can not be gener- 
ated. 

In the next section we investigate generation of the neutrino masses together with the 
unification of the couplings in the considered model. In section [3] we discuss parametriza- 
tion of the Yukawa couplings in terms of the neutrino experimental data. In section |4] 
we give formulae for LG. We discuss the numerical results in section |5] and conclude in 
section |6l 

2. Generation of neutrino masses 

The interactions relevant for the generation of masses of the adjoint fermions are given 
by 

-C^,, = MTr242 + ATr(24'24j^) + H.c. (1) 

= M 2A'^2A\ + A 2A' ^2A\{2Ah)\ + H.c, 
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with i, J, = 1, . . . , 5. The masses of the fermions responsible for the neutrino masses 
are given by [11] 
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where the scale of Grand Unification is Mqut = f24 \/57rQ;GUT/3. The regime of success- 
ful unification determines the approximate mass relations 



Mp3 < mMp3 



(3) 



with 771 > 10^. 

For the mass spectrum of Adjoint SU(5), which is allowed by unification, proton decay 
and LG, see Fig. |3]with the description in section |5j 

The Yukawa interactions needed to generate the neutrino masses are given by 
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which contains 
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3pa^^ia2P3i^2 + ^Pa^^ia2i/2Po " ^t^^o{lY[S^p^) + H.C, (5) 

where ■j/''^ = ilP-C and the definitions used for the representations and multiplets are 
given in the Appendices |A] and [Bj 

The scalar doublets H\ and are related to the SM Higgs H and the heavy scalar 
H' by the orthogonal transformation 



H2 



cos 6 — sin 6 
sin 6 cos 6 



H 
H' 



(6) 



\V45\ 
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with [12] 

cos = ± — , sine = ±2VQ^- 

V V 

The VEVs of physical fields are {H) = v/V2 = Vq = 17 A GeV and {H') = 0. Hence the 
terms relevant for the neutrino masses generation at tree level, shown in Fig. [T] a and b, 
can be written as 



/'tree 



Kdl^(y2p^H + hc,orja2PoH + MpgTr (p^pa) + ^Mp^p^jpo + H.c, 



and interactions relevant for the one-loop contribution to the neutrino masses, shown in 
Fig. [T] c, can be written as 



l-loop 



Pa 
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^>2Tr(58P8) + M,3Tr(p 



—TriSlHf + R.c, (9) 
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where in ^ and ^ we have defined 



ha3 = Ca cos 6 — 3pa sin 6, 



COS ^ + Pa sin Q 



(10) 

fin 



Notice that in Eqs. (10) and (11) we corrected the resuh of [1]. 

The contribution of to the T parameter is zero due to mass degeneracy of p\ and 
p^, because the contributions to neutral and charged Goldstones [U] cancel each other. 

Only electrically neutral components of pi enter the mechanisms illustrated in Fig. [T] 
The quadratic coupling A5 arises from several terms in the Adjoint SU{5) Lagrangian. 
Here we take it to be arbitrary, bounded only by perturbativity. 
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Figure 1: The interactions that generate neutrino masses. The arrows in fermionic lines 
show fiow of lepton number. 



The resulting neutrino mass matrix is 
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H — h z-r^ : — ^-T 
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(1 - X , 

^1 + 21nx) + O(x^lnx) for x < 1. 



(13) 



The first term in Eq. (12) is generated in type III, the second term in I seesaw, as in P]. 
The third term comes from one-loop coloured seesaw [161 IE] in the limit of small mass 
splitting \Xs\v^ < (M|^ + M|j)/2, where Mgi is the mass of S^^ {i = R,I) 



In [U [7j the neutrino masses and LG were studied for | A5I <ti 1 and hence the one-loop 
contribution to neutrino masses was neglected. In this paper we are interested in the 
case of A5 ~ 1, in which the fermionic octet is relevant to the generation of neutrino 
masses. 



Eqs. (10)-(12) show that the number of light massive neutrinos in the considered 



model is two, which is equal to the maximal number of nonzero independent vectors in 
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the plane defined by the vectors Cq, and However none of po, pa and ps is decoupled 
from the generation of the neutrino masses due to its heavy mass or small couplings, as 
in the two right-handed neutrino models [191 120] ■ On the other hand, some of pi may 
not enter particular physical processes, e.g., ps decouples from LG, see section |4j Such 
decoupling results in new physics effects, which are dependent on the Yukawa couplings 
hai, in particular, the allowed parameter range of successful LG is enlarged, see sectionjSj 

We remark that similar relation among the neutrino masses and LG may be derived 
in theory with two heavy Majorana neutrinos and one light sterile neutrino, which has 
specific mass and mixing terms with other neutrino^ [21] . 

Using the linear relation 



with 



Pa = a3ha3 + aohao (14) 



1 1/5 
8 sm fc' 4 sm V 3 



Eq. (12) can be rewritten as 



= vlKM-'hl, (16) 

where = {ha3, hao) and 

- ( ^p'a' + «i(^pt)"' a3ao(M;f )~i \ 

"V «3ao(M;f)-i M-i + ag(M;f)-i; ^^^^ 



with 



for M,«M... 



In the hmit A5 — j- matrix A^^ ^ goes to ^ with Dp = diag(Mp3, 



pO) 



The neutrino mass matrix in Eq. ( 16 ) can be rewritten as 

M:^p = vlh',Dj^h'^, (19) 

by using the orthogonal transformation 

M;' = Q^DJ^Q, (20) 
ha = h'^Q, (21) 

where Q is a real orthogonal matrix and Dj^^ = diag(Mi, M2), where Mj are the eigen- 
values of A^p. 



^In addition, flavour universal values = c and Pa = P for the couplings are not allowed, because in 

this case there would be only one massive neutrino. 
^In a toy model this sterile neutrino may have negative Z2 parity and contribute to the neutrino masses 

due to the interaction with inert scalar doublet, see fTSl. 
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3. Neutrino masses from experiment 

The three neutrino mass spectra allowed by the oscillation data are 
• Normal Hierarchical (NH) 



mi < ma < mg, mg = -^/m| + Am^^j, mg = ^/m| + Aml^^; (22) 
Inverted Hierarchical (IH) 



mg < mi < ma, mi = -^m^ + Aml^^ - Am^^j, mg = y m| + Am^^^; (23) 

• Degenerate, m, ~ mo > 0.10 eV (i = 1, 2, 3); 

where Am^^j = 7.65 x 10"^ eV^ and Am^^^^ = 2.40 x 10~'^ eV^ are the mass-squared 
differences of solar and atmospheric neutrino oscillations [1]. 

We use the standard Casas-Ibarra [22] parametrization of the Yukawa couplings h'^^ 

as 

h' = v^'UDl/'nD'J,\ (24) 
where = diag(mi, m2, ms); the PMNS lepton mixing matrix U can be written as 

C12C13 -312013 Si^e ^"^ 

U=\ -S12C23 - ci2S23Si3e''^ C12C23 - si2S23Si3e^'^ S23C13 | X diag(l, e^"^/^ e'"^/^) ,(25) 

S12S23 - Ci2C23Si3e"^ -C12S23 - Si2C23Sl3e'^ C23C13 

where Cij = cosOij, Sij = sinOij, with 6*12 — 7r/5.4, ^^23 — 7r/4 and S13 < n/lS [T], 
while the Dirac 6 and Majorana aj CP violation phases are not fixed by the present 
experiments. Finally, the 3x2 complex matrix can be written as pOj 



\ / cos z — sin z 

J^NH ^ I pQg^ -sin;z , = ^sinz ^cos^ | (26) 

,^ sin 2; ^ cos z J \ ^ ^ 

in the normal and inverted hierarchy, respectively; ^ = ±1. 

4. Leptogenesis 

4.1. CP asymmetry 

We define the CP asymmetry as 

^ r(p3 ^ igH^) - r(p3 ^ LH) 
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In the considered model it is given by [101 123] 



'-pa, a 



Im 



70 



(28) 



where 



'1 + x) In 



(29) 



since the only non- vanishing contribution comes from the vertex correction [7]. We 
assume that the couplings of lifplSsp and lif^^sp interactions are small comparing to 
As, so that two-loop effects in the CP asymmetry can be neglected. 
Using the total decay rate 



rD = r + f = 5^r(p: 



3 ^ 



(30) 



where s = — , 0, + (signs of the components of ps), the decay parameter K, given by the 
ratio of the decay width of a single ps component to the expansion rate when starts 



to become non-relativistic at T = Mpg, can be written as 



K 



D 



3H 



T=Mo 



and rewritten as = m/m^, in terms of the rescaled decay rate 



m = 87r 



Tp _ ^ 
Ml 3 - M. 



P3 „ 



and the rescaled Hubble expansion rate (equilibrium pa mass) 



(31) 



(32) 



57r 



T=M, 



PS 



1.08 X 10-3 eV. 



For NH (IH) the strong washout regime requires 

K > iCsoi(atm) = m2(i)/m^ ~ 8.1 (46) > 1. 



Using Eqs. (21), (24), (28) and (32), we have the rescaled decay rate 



(33) 



(34) 
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(35) 
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and the total CP asymmetry 

= Ew^^^^^^^^{(^?ii^?22 + g2igi2)MiM2(m,-mJIm(.2) 

- 2 [giiQisMi (mjc|2 + mb\s\^) + Q21Q22M2 (mjsp + mb\c\^)] ^MiMa Im(s*( 



(36) 



with c = cosz, s = sin 2;, and a = 2 (1), 6 = 3 (2) for NH (IH) neutrinos. 
In the hmit A5 — )■ we get the standard expressions 

m — )■ ma|c|^ + m^lsp, (37) 
e,3 ^^-^Mp3(m2-m^)Im(s2), (38) 



where in Eq. (38) we corrected the resuh given in ^ by the factor of 1/2. 



4.2. Boltzmann equations 

Bohzmann equations in the unflavoured regime (Mp3 > 5 x 10^^ GeV) can be written 
as (for more details see [7] and Refs. therein) 

^ = -iD + S){N,,-N;^)-2S,{Nl-{N;^n (39) 
= -e,MN,,-N;^)-WNB.L, (40) 

where z = Mp,jT, and A^x {X = p^, B — L) is the number density of X calculated in 
a co-moving volume containing one pa (all of its three components) in ultrarelativistic 
thermal equilibrium: N^^^iT > Mp.^) = 1. Initially, N^b'^_^{T > Mp^) = 0. 
The abundance at equilibrium is given by 

= h'l^2{z), (41) 



2 



where IC2 is a modified Bessel function]^ 
The decay factor is 



where H is the Hubble rate, and (I/7) is the thermally averaged dilation factor. The 
sum D + S, where 5* is the contribution from Higgs-mediated scatterings, is given by 



D + 5~0.3is: 



Mh J \ z 



(43) 



^/C„(z) corresponds to the BesselK[n, z] function in Mathematica. 
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where Mh is Higgs mass and 



9HMpjMh)' 

For the gauge scattering of pa [23] we use the fit [7] 



10" 



PI 



^1+^^-0.3/2 



.,0.32 



(15/8 + z)2(l + 7rz/2) 



(44) 



(45) 



where Mpi = 1.221 x 10^^ GeV is the Planck mass. 
The washout can be written as 



W{z) = j{z)-K}Ci{z)z^ + AW{z) 



where 



j(2;) = o.i 1 + 
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The contribution of the non-resonant AL = 2 processes to the washout is 



AVr(z) ^ 3 X 10" 



,0.186 



M. 



1010 GeV J VeV 



m 



(46) 
(47) 

(48) 



where fh'^ = ml + m2 + ml = 2.5 (4.7) x 10"^ eV for NH (IH) neutrinos. 

After solving the Boltzmann equations (40)-(39), we obtain N^^-l ~ ^b-l{z — )■ oo) 
(in our calculation we use final z = 10, where the fit in Eq. (45) still applicable ^), 
included in the final baryon asymmetry 



?7b = 3 X 
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4 2387 37 
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3 X 0.88 X IQ-^N 
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(49) 



where 3 is the number of ps components, the dilution factor 86/2387 is calculated as- 
suming standard photon production from the onset of LG till recombination |26], and 
12/37 is the fraction oi B — L asymmetry converted into a B asymmetry assuming that 
sphalerons remain in equilibrium until after the electroweak phase transition 
The result in Eq. ( 49 ) should be compared with the allowed values 

5.1 X 10-1° < r^l^^ < 6.5 X 10"!°, 



(50) 



which come from the nucleosynthesis predictions and observed abundances of light ele- 
ments [1]. 



5. Numerical Results 
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Figure 2: Parameter space allowed by unification at one-loop level for M^^^^^ = 
10^^ GeV. Dashed line shows the unflavoured and dot-dashed line the flavoured 
LG bound. 



In the considered model the unification scale and the masses of 5(3^3) and 5*8 are con- 
strained by the proton decay: 3 x 10^^ GeV < Mgut < 8 x 10^^ GeV, Mg^g 3^ > lO^^ Q^y 
and < 4.4 x 10^ GeV [llj. The parameter space allowed by the unification at one- 
loop level for M^^^ = 10^^ GeV is shown in Fig. [2| where the dashed line shows the 
bound from Eq. (|3| and the unflavoured LG constraint of Mp^ ^ 5 x 10^^ GeV, and the 
dot-dashed line shows the flavoured LG bound of Mp^ > 10^^ GeV. 



The mass spectrum of fermions and scalars in Renormalizable Adjoint SU{5) is shown in 
Fig. [3} where the lower light gray belt shows the allowed Sg mass range from unification 
and proton decay constraints, and the upper light gray belt shows the allowed range 
for Pi masses from LG. The dark gray belt shows the allowed range for the scale of 
unification. All the SM particle masses lie near or below H mass M^, while the rest 
of new particle masses in the theory can be set at the GUT scale, besides the mass 
of S3 field, which favours unification and unflavoured (flavoured) LG within the wide 
region 300 GeV < Mgg < 1.5 x 10^^(10^^) GeV, where the lower bound comes from the 
collider searches. The black lines for 5*8 and pi in Fig. |3] show characteristic values of 
their masses. 



Fig. |4] shows the allowed ranges for Mp^ versus K for the particular parameter sets of 
rh = 10^, V45 = 20 GeV, and As = —1, —0.2 and lA^I <^ 1 (which reproduces the 
standard case in Eqs. (37)-(38)), where the lighter region corresponds to larger \Xs\. 
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P8 




Figure 3: Mass spectrum of the considered model. 



The resuhs are weakly sensitive to the Higgs mass within its expected range, and to 
M^g due to only logarithmic dependence in Eq. (18). We use = 180 GeV and 
Mgg = 10^ GeV. The upper bound for mass of < 6.7 x 10^^/m GeV is derived 



using Eq. ([s]) and Fig. [2] To get the lower bounds on Mpg for every given value of 
K, we maximize the solution (49) of the Boltzmann equations (39)-(40) with the CP 
asymmetry from Eq. ( [36) ) over the complex angle z, and find the minimal value of Mp^ 
required to produce the observed baryon asymmetry in Eq. ([50|) (its lower bound). The 



resulting curves in Fig. |4]are smoothened and given to few percent accuracy. The allowed 
region for LG in the case of vanishing loop contribution to the neutrino masses is shown 
by the darkest regions, which agrees with the result of The lighter areas show the new 
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allowed regions for LG for the larger values of IA5I up to 1, when the loop contribution 
to the neutrino masses is significant. The dashed lines show the lower bounds on Mp^ 
for the parameter set rh = 10^, ^45 = 30 GeV and A5 = —1. The vertical lines show the 
lower bounds on K in the strong washout regime. The dot-dashed and dotted curves 
show limits M^g < VQ/{m^:K) and Mp^ < 4vq/ {m^:K), which are derived from Eq. (32) 
using Ihasl"^ < 1 and 4, respectively. Below these curves the couplings has remain 
well perturbative. 

We notice that the considered unflavored regime of LG is applicable for Mpg > 5 x 
10^^ GeV. Below this level, shown in Fig. |4] (left), the flavor effects should be taken into 
account. 

We remark that the maximal allowed value of Mqut, which is related to the mass of 
5*8, can be tested at the future proton decay experiments [HI 113] . 



6. Summary and conclusions 

We have presented a detailed study of the neutrino masses and the baryogenesis via LG 
in Adjoint SU{5), which is a well motivated model since testable by the proton decay 
experiments. B — L asymmetry is generated by the decays of SU{2) triplet ps, with 
singlet po running in the loop, while the neutrino masses are generated at the tree level 
by ps and po exchanges and in one-loop coloured seesaw with propagating SU{3) octets 
Ps and 5*8. For the values of the octet scalar 5*8 to SM Higgs H coupling A5 of order 1, 
the one-loop coloured seesaw is on the same order as the type I and III seesaw. This 
new contribution to the neutrino masses relaxes the Yukawa couplings for ps and po, and 
makes the allowed range for unflavored LG significant not only for the normal hierarchy 
of the neutrino masses, but also for the inverted one, in contrast to the case of small Ag. 

The lightest neutrino, however, remains massless, because the coloured seesaw loop 
diagram is proportional to the Yukawa couplings of the type I and III seesaw. For 
|As| ~ 1 the CP asymmetry explicitly depends on several more parameters of Adjoint 
SU{5), in comparing with the case of [A^l ^ 1, such as: Xs, the VEV of the 
representation 45//, and the ratio rh of the masses of adjoint fermions p8 and p^. This 
increases the predictive power and testability of the model. 

We remark that some of the new particles, e.g., S3 and 5*8, may be light enough in the 
considered scenario to be tested at the LHC and the next generation of colliders p^fTTj . 



A. Field content of Adjoint SU(5) 

Under SU{3)c x SU{2)l, the scalar fields are decomposed as 

5h = H,®T(s,i), (51) 

24h = S8 © S3 © S(3,2) © S(3,2) © S24, (52) 
45h = Ss® ^(6,1) © 5(3,3) © 5(3,2) © 5(3,1) © 5(3,i) © H2. (53) 
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and the matter fields are decomposed as 

5a = 4l © {d'jL, (54) 

10a = «)l ®qL® {el)L, (55) 

24 = {ps)l © (P3)l © (P(3,2))l © (P(3,2))l © (po)l, (56) 

where a = 1,2,3 is the generation index, £l = iyL^^iY is the SM lepton doublet. 

Hi are scalar SU{2) doublets, and we denote po = P(i,i), = S(s,2), = ^(i,3) and 
vE'g = ^(8,1), where \Ef = E,p. The VEVs are 

(5^^) = ^(0,0,0,0,1)^, (57) 

{24h) = ^diag(2, 2, 2, -3, -3), (58) 



30 

((45H))f = ^ [diag(l, 1, 1, -3, 0)];. , {{45h))T = 0' (59) 

where i,j = 1, . . . , 5, n = 1, . . . , 4, and relation v = a/I'^sP + 24|t>45p = 246 GeV |12j 
provides proper masses of SU{2) gauge bosons. 

More details on the representations are given in the appendices A of [HI [28]. The 
scalar potential was studied in |2^, and the Yukawa couplings were analyzed in [T2| [30]. 



B. Explicit form of used multiplets 

For the SU{2)l doublets and triplets we use the explicit forms 



respectively, where \l/ = Hi, H2, Ss ■ ■ ■ , pf = (pi T ipD/v^; and are the Pauh 
matrices. 

The adjoint representation 24* (i, j = 1, . . . , 5; 24* = 0) can be written as 



24= ^\^' - -vo,.; ^ ^g^^ 




where A"^ are the Gell-Mann matrices. 

45h is defined by the conditions: (45^)1^' = -(45^^)^^^ and T^Lii^^nY/ = 0. We 
omit index H of scalar representations in the following. The explicit decomposition 
into SM multiplets can be deduced by considering the multiplet as the tensor product 
45 = 5 X 5 X 5. Below we will write the colour indices with letters from the beginning 
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of the alphabet a, b, ... — 1,2,3 and the weak indices as r, s, . . . = 4, 5. We have 

45f = £'^^1^(6,1)],, + 6«^^[%i)],„ (62) 

45f = e^'^[Sc3,2)]cr, (63) 

A5t^^^Si^[X^]t + H;Sl (64) 

45r = ^^(t3)kt + -5^3,1)5;, (65) 



V2 
3 

2^ 



45r = -?//^<^:, (66) 



where [5'(3,l)]a6 = -['S'(3,l)]6a- 
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